cysB and cysE strains were obtained as spontaneous mecillinam-resistant mutants of Salmonella typhimurium. The resistance to mecillinam was caused by the cys mutations which also conferred tolerance to lethal cell shape mutations. Most, but not all, cysB and cysE mutations from other origins displayed the same behavior. Resistance was abolished by O-and N-acetylserine in cysE mutants; by thiosulfate, sulfite, and sulfide in cysB mutants; and by cysteine in both types of mutants. It is concluded that an event involved in mecillinam action requires the inducer and the activator protein of the cysteine regulon.
Null mutations in genes related to cell shape determination-pbpA, rodA, and mre-are lethal for wild-type strains of Escherichia coli and Salmonella typhimurium but are tolerated by strains resistant to mecillinam (9, 22) , a ␤-lactam antibiotic which has the product of the pbpA gene, penicillin-binding protein 2 (PBP2), as its target (27) . Mutations conferring resistance to mecillinam and tolerance to alterations in pbpA, rodA, and mre genes are rather frequent, but few of the genes affected are known. cya and crp mutants of E. coli K-12, which are mecillinam resistant (3, 13) , withstand PBP2 inactivation (22) , and the same is true for strains with high levels of guanosine tetraphosphate (ppGpp) (14, 28) . Overproduction of FtsZ, a protein involved in septation, was also found to confer resistance to mecillinam and tolerance to PBP2 inactivation (29) . Yet, a complete explanation for the lethality of cell shape mutations and the ability of some strains to survive this effect is not available. In this work, mutations in genes concerned with the regulation of cysteine biosynthesis were found to produce both mecillinam resistance and tolerance to lethal cell shape mutations.
Isolation and characterization of mecillinam-resistant mutants. Diluted samples of 50 independent overnight cultures of strain DA1468 (Table 1) in Luria-Bertani (LB) broth (10) were spread on LB plates containing 1 g of mecillinam per ml. After incubation for 2 days at 37ЊC, a single colony from each culture was picked and streaked out on the same selective medium.
Characterization of the 50 resistant strains demonstrated that 6 of them were cysteine auxotrophs. Those strains lost their ability to grow on mecillinam plates when the cysteine requirement was eliminated by transduction with bacteriophage P22 HT105/1 int-201 grown on strain LT2. Four of the cys mutants grew in liquid E medium (30) supplemented with O-acetylserine, and their cys mutations were 50% linked to insertion zhj-7111::Tn10⌬16⌬17 (strain DA1417), which is close to the cysE locus. They were classified as cysE mutants (16) . The other two required sulfide or cysteine to grow in minimal medium and carried cys mutations 10 to 20% linked to the trpE50 marker in transductions mediated by phage grown on PM617. They were classified as cysB mutants (16) . One cysE strain and both cysB strains were used for subsequent studies: DA1529 cysE1861, DA1530 cysB1862, and DA1531 cysB1863 ( Table 1) .
The MICs of mecillinam for the DA1529, DA1530, and DA1531 strains, their cys ϩ derivatives obtained by transduction, and the original strain, DA1468, were tested on LB plates containing twofold serial dilutions of mecillinam, as previously described (9) . The MIC was 0.08 g/ml for DA1468 and cys ϩ derivatives and 40 g/ml for DA1529, DA1530, and DA1531.
To investigate the tolerance to lethal cell shape mutations, DA1468, DA1529, DA1530, and DA1531 were transduced with phage grown on DA1041, a strain which carries the lethal mutation mre-9 20% linked to the argR372::Tn10 marker (1). About 10% of the tetracycline resistant (Tet r ) colonies obtained with the cys mutants carried the mre-9 allele since they looked glossy when illuminated with oblique light and their cells were spherical when examined by phase-contrast microscopy (1). In contrast, no mre-9 colonies were found among Tet r transductants when strain DA1468 was the recipient. Transduction of the lethal mutation rodA17::Tn10⌬16⌬17 (strain DA1359) was also tested. Tet r transductants were obtained when the cys strains were used as recipients, but no Tet r transductants appeared with the cys ϩ recipient. Therefore, the results indicate that those cys mutations also confer tolerance to lethal cell shape mutations.
Response of other cysteine auxotrophs to mecillinam. The effects of known cys mutations affecting cysB, cysE, and other cysteine loci on response to mecillinam were assayed. To test all the mutations in the same genetic background, Tn10⌬16 ⌬17 (31) insertions close to the different cys genes were isolated as described by Gibson et al. (11) . Those insertions, carried by strains DA1543, DA1619, DA1620, and DA1621, were introduced by transduction into the appropriate cys strains listed in Table 1 (from cysA3 to TR248), and phage grown on those derivatives were used to transduce the cys mutations to strain DA1468 by cotransduction with the selected Tet r marker. The cysC1511::Tn10 derivative of strain DA1468 was obtained by direct selection of Tet r transductants with phage grown on strain TT173.
The MICs of mecillinam for cys derivatives of DA1468 were measured. All the strains tested, carrying mutations in genes involved in either sulfate transport (cysA3 and cysA1348), activation (cysD125 and cysC1511::Tn10), reduction to sulfide (cysG382, cysJ109, cysH363, and cysI23), or conversion of Oacetylserine to cysteine (cysK1772 and cysM1770), were sensi-tive to mecillinam (MIC, 0.04 or 0.08 g/ml). The results obtained with cysB and cysE mutants are shown in Table 2 . All the cysE mutations tested conferred resistance, except for the cysE396 allele, which has been described as atypical (5) . Like cysB1862 and cysB1863 alleles, several previously described cysB mutations conferred resistance, but other cysB alleles did not. Differences in the nutritional requirements of cysB mutants were observed long ago (21) and have been attributed to variable leakiness of cysB mutations (7) . Among the cysB derivatives studied by us, those displaying sensitivity to mecillinam were able to grow with sulfite as the only sulfur source whereas mecillinam-resistant derivatives were not. It seems, then, that only severe alterations in the ability of CysB to perform its functions lead to resistance.
Specificity of the resistance. To learn whether the resistance conferred by cysB and cysE mutations was specific for mecillinam, the MICs of several antibiotics were measured. The strains used were derivatives of DA1468 carrying cysB16, cysB403, cysB1862, cysB1863, cysE6, and cysE1861 mutations. DA1468 and two cys ϩ transductants isogenic with cysB1863 and cysE1861 derivatives served as controls. MICs for all strains were as follows: penicillin G, 12.5 IU/ml; cefsulodin, 25 g/ml; cefalexin, 5 or 10 g/ml; chloramphenicol, 5 g/ml; rifampin, 6.3 g/ml; nalidixic acid, 2 or 4 g/ml; streptomycin, 16 or 32 g/ml. As increased resistance of cysB and cysE mutants of E. coli to novobiocin has been reported (25) , the MIC of novobiocin for all the strains listed in Table 2 was assayed. Except for the cysB484 derivative, which displayed the same sensitivity as the controls (MIC, 40 g/ml), all the other strains, either sensitive or resistant to mecillinam, showed a slightly increased resistance to novobiocin (MIC, 160 g/ml). Therefore, in S. typhimurium the response to novobiocin is also modified by cysB and cysE mutations, and although differences with respect to the effect on response to mecillinam exist, probably the same mechanism is at work in both cases.
Effect of compounds related to cysteine biosynthesis on mecillinam resistance. Cysteine biosynthesis is achieved by reaction of O-acetylserine with sulfide, obtained by sulfate reduction, or thiosulfate (16) . The cysB gene encodes a transcriptional activator protein required for expression of most of the genes involved in this pathway (17) . The cysE gene is not under CysB transcriptional control and encodes serine transacetylase, which produces O-acetylserine (19) . Recent studies demonstrated that N-acetylserine, formed nonenzymatically from O-acetylserine, is the inducer of the regulon (20, 23, 24) . N-Acetylserine is not a substrate for cysteine synthesis (4) and is not converted to O-acetylserine under physiological conditions (17) . Expression of the cysteine regulon requires CysB, the inducer, and also sulfur limitation. Sulfide and thiosulfate are considered to be anti-inducers of the cysteine regulon (12, 17, 24) , whereas sulfite has no effect on transcription initiation from cys promoters in vitro (12) and does not impair expression of the cysteine regulon in vivo (15) . Cysteine inhibits the synthesis of O-acetylserine by serine transacetylase (19) and increases the activity of cysteine desulfhydrase, which degrades it to pyruvate, ammonia, and sulfide (18) . Moreover, it abolishes induction of the cysteine regulon by O-acetylserine in vivo (15) but has no effect as anti-inducer in vitro (12, 24) .
The role of these compounds in the regulation of cysteine biosynthesis prompted the study of their effects on the resistance of cysB and cysE mutants to mecillinam. The MIC of mecillinam for a set of cysB and cysE strains was measured on LB media containing O-or N-acetylserine, thiosulfate, sulfite, sulfide, or cysteine. The results obtained are shown in Table 3 . O-Acetylserine and N-acetylserine made cysE strains sensitive without noticeable effect on cysB strains. Thus, the resistance conferred by cysE mutations was lost when the product of the enzyme encoded by the cysE locus was added, and, since Nacetylserine produced the same effect, the role of O-acetyl- cysB16............................................................................................... 40  cysB18............................................................................................... 0.04  cysB24............................................................................................... 0.08  cysB70............................................................................................... 40  cysB403............................................................................................. 40  cysB484............................................................................................. 0.08  cysB517............................................................................................. 40  cysB1862........................................................................................... 40  cysB1863........................................................................................... 40  cysE2................................................................................................. 40  cysE6................................................................................................. 40  cysE396............................................................................................. 0.08  cysE1709........................................................................................... 40  cysE1861...................................................................................... on September 7, 2017 by guest http://jb.asm.org/ serine would be regulatory rather than that of a substrate for cysteine synthesis. On the other hand, thiosulfate, sulfite, and sulfide had no effect on cysE strains, but cysB strains became sensitive in their presence (Table 3) . In tolerance tests, neither mre-9 nor rodA17::Tn10⌬16⌬17 transductants were obtained with cysE recipients plated on medium containing O-acetylserine, and the same was true for cysB recipients on plates containing sulfide. As with sensitivity, O-acetylserine did not affect the tolerance of cysB mutants, nor did sulfide affect that of cysE strains. The results obtained with sulfite, sulfide, and thiosulfate are difficult to understand on the basis of the present knowledge about the cysteine regulon. If such compounds were required for the action of mecillinam, their impaired production or transport in mutants unable to induce the cysteine regulon would produce resistance, but addition of those agents should also eliminate the resistance of cysE mutants. The action of sulfide and thiosulfate as anti-inducers seems not to be involved in recovery of mecillinam sensitivity, since sulfite produced the same effect and its conversion to sulfide, catalyzed by sulfite reductase, does not occur in cysB resistant strains which are unable to use sulfite as the sulfur source. Furthermore, the cysB403 mutation has been characterized as a single base pair deletion in codon 73, and results suggesting that its product is unstable have been reported (8) . Therefore, since resistance conferred by cysB403 was abolished by thiosulfate, sulfite, and sulfide, the presence of a stable CysB protein does not seem to be required for their effect. Although inactivation of mecillinam, and ampicillin, by 0.8 mM cysteine in minimal glucose medium has been reported by Bouloc et al. (6) , no such effect of cysteine on mecillinam was observed in the rich medium and under the conditions used in this work. In fact, cysteine reduced the MIC for both cysB and cysE mutants, although the effect on cysE mutants required a much higher concentration ( Table 3 ). The sensitivity displayed by cysB strains could perhaps be attributed to the production of sulfide from cysteine, but this explanation is not valid for cysE strains, which are not sensitized by this compound. These results suggest a different or additional role for cysteine.
There is no obvious explanation for the resistance to mecil- 3 , 0.15; Na 2 S, 0.06. The concentrations used were 1.5 times those required to abolish resistance to 1 g of mecillinam per ml. They were determined by plating the strains on LB media containing mecillinam at 1 g/ml and various concentrations of the compounds. In the absence of these compounds the MIC for the wild type was 0.04 g/ml and the MICs for all derivatives were 40 g/ml.
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